Visual dysfunction is one of the most common causes of disability in multiple sclerosis (MS) 
Visual dysfunction occurs in 80% of patients with multiple sclerosis (MS) during the course of their disease and is a presenting feature in 50%. 1, 2 Despite the importance of visual dysfunction to disability and quality of life in MS, 3, 4 the quantitative assessment of vision in MS clinical trials has been traditionally limited to Snellen acuity. 5, 6 The extent to which vision is affected by immunomodulatory therapies is not yet known and has been difficult to assess using traditional neurologic impairment scales such as the Expanded Disability Status Scale (EDSS). 6, 7 The Multiple Sclerosis Functional Composite 6, [8] [9] [10] Snellen acuity was examined by the National Multiple Sclerosis Society Task Force that developed the MSFC but lacked sufficient sensitivity to be included as an MSFC component. 6 Like current MSFC components, candidate visual measures for the MSFC should be quantitative tests of visual function (i.e., binocular vision-analogous to measuring ambulation) rather than impairment (i.e., monocular acuity-analogous to measuring individual leg strength).
Previous investigations have suggested that contrast letter acuity (determination of acuity using low-contrast letters of progressively smaller size on a white/retroilluminated background) and contrast sensitivity (determination of minimum contrast level at which patients can perceive letters of a single large size) are sensitive clinical measures of visual dysfunction in MS. [11] [12] [13] [14] [15] These tests demonstrate abnormalities in high proportions of MS patients with 20/20 or better Snellen acuities and are frequently abnormal in eyes with normal visual evoked potentials. 16, 17 We examined contrast letter acuity (Sloan charts) as a candidate visual function test for the MSFC. Our assessments were based on the capacity of Sloan chart scores to distinguish MS patients from diseasefree control subjects and on the relation of Sloan chart scores to scores for the EDSS and MSFC in two MS cohorts.
Methods. Low-contrast Sloan letter chart testing (Sloan charts; Precision Vision, LaSalle, IL) was administered to a subgroup of participants in the International Multiple Sclerosis Secondary Progressive Avonex Controlled Trial (IMPACT Substudy). 10 Data from an observational study of visual outcome measures in MS at the University of Pennsylvania, the Multiple Sclerosis Vision Prospective cohort (MVP cohort), were also analyzed. The MVP cohort participants include patients with MS and disease-free control subjects (family members and staff) from a cross-sectional study designed to determine which clinical tests best identify visual dysfunction in MS patients.
Sloan charts have a standardized format based on Early Treatment Diabetic Retinopathy Study (ETDRS) visual acuity charts, the standard used for ophthalmology clinical trials (figure 1). [18] [19] [20] Each Sloan chart corresponds to a different contrast level (shade of gray letters on white/retroilluminated background); charts are scored based on the number of letters identified correctly. This format provides continuous (interval) scoring and may allow Sloan charts to capture losses of contrast at small letter sizes that have been reported in MS and other neurologic disorders. 21 To facilitate comparisons between the IMPACT Substudy and MVP cohort, letter scores from the 1.25% contrast chart, the lowest contrast level used in both studies, were used for statistical analyses.
Binocular testing, rather than testing of each eye separately, was performed to best provide a measure of overall visual function as is present for daily activities. 22 This is analogous to the inclusion of a timed test of ambulatory function (T25FW) rather than tests of individual leg strength or coordination (tests of impairment) in the MSFC. Binocular testing of visual acuity and contrast sensitivity have been used successfully in several methodologic studies of visual function, 23, 24 and binocular visual acuity was recommended as a primary measure of visual function by the authors of a recent population-based epidemiologic study. 22 High-contrast visual acuity testing was performed in both studies (ETDRS charts at 3.2 m 18, 19 in MVP cohort, Sloan charts at approximately 100% contrast level at 2 m 11, 21 in IMPACT Substudy). Additional binocular vision tests were administered to MS patients and disease-free control subjects in the MVP cohort, including contrast sensitivity (Pelli-Robson chart; Lombart Instrument Co., Norfolk, VA), 13, 14 color vision (L'Anthony D-15 desaturated test, Luneau, France), 25, 26 and binocular visual field (Esterman test, Humphrey Field Analyzer II, model 740; Zeiss Humphrey Systems, Dublin, CA). 27, 28 Uniform lighting levels (85 cd/m 2 ) were used, including retroilluminated charts for contrast letter acuity and high-contrast visual acuity testing in the MVP cohort. A MacBeth Easel Lamp and matte black testing surface were used for color vision testing.
14 Patients and disease-free control subjects in the MVP cohort underwent detailed refractions prior to vision testing to minimize potential bias with respect to correction of refractive error. Refractions were performed for each eye at 3.2 m (ETDRS chart R) and adjusted for appropriate distances for other vision tests. Vision testing for the MVP cohort was performed by a trained ophthalmic technician experienced in the performance of examinations for research studies. Although it was not possible for the examining technician to be masked to MS vs control group status for all MVP cohort participants, strict standardized protocols, including written scripts and instructions for testing, were followed for all participants to minimize potential bias. The examining technician was masked to specific study hypotheses.
Summary scores for visual function tests were calculated as follows: 1) Sloan charts: number of letters identified correctly (maximum 70); 2) ETDRS visual acuity: number of letters identified correctly (maximum 70); 3) Pelli-Robson charts: log contrast sensitivity; 4) D15-DS color test: C-index (confusion index); 5) Esterman visual field: Esterman efficiency score (maximum 100). For comparison of vision tests in the MVP cohort, scores were converted to SD units (SDU) in the abnormal direction from the control group mean to ensure uniformity of scaling.
The MSFC and EDSS were administered to MS patients in the IMPACT Substudy and MVP cohort according to standard protocols. 29, 30 For analyses of the relation of Sloan chart scores with MSFC scores, MSFC component (T25FW, 9HPT, PASAT3) and Sloan chart scores (1.25% contrast level) were converted to Z scores based on the number of standard deviations from the mean baseline score for each study group. 8, 9, 30 The MSFC composite Z score was calculated as follows: MSFC Z score ϭ (Z 9HPT ϩ Z T25FW ϩ Z PASAT )/3.0; this score is referred to herein as the MSFC-3. A composite Z score including the three MSFC components and the Sloan chart scores (1.25% contrast level) was also calculated as follows:
Receiver operating characteristic curves 31 and logistic regression techniques were used to compare Sloan charts with other visual function tests in the MVP cohort. SDU were used to ensure uniformity of scaling between visual measures. Spearman rank correlation coefficients were calculated to examine the relation of Sloan chart scores to MSFC-3, MSFC-4, and EDSS scores among patients with MS. A type I error level, ␣ ϭ 0.01, was used for statistical significance as multiple comparisons and correlations were performed. Statistical analyses and calculations were per- Results. One hundred thirty patients with MS (mean age 46 Ϯ 9 years) and 90 disease-free control subjects (mean age 36 Ϯ 12 years) participated in a single testing session for the MVP cohort. Data from the IMPACT Substudy 12-month visit (n ϭ 56; mean age 47 Ϯ 8 years) were also analyzed. All patients in the IMPACT Substudy had secondary progressive MS based on trial inclusion criteria. In contrast, 63% of patients in the MVP cohort (n ϭ 82) had relapsing-remitting MS; other cases were classified as secondary (31%; n ϭ 40) or primary (6%; n ϭ 8) progressive. MS patients in both studies were similar to the US MS population with regard to age, gender (70% female), and race (82% Caucasian). Median disease duration in the MVP cohort was 7 years (range 0 to 43 years); 87% in the MVP cohort were receiving standard immunomodulatory therapies, and 38% of IMPACT Substudy participants were receiving active treatment (interferon ␤-1a 60 g IM weekly).
Figure 1. Low-contrast Sloan letter charts (Sloan charts; Precision Vision, LaSalle, IL). These charts have a standardized format based on Early Treatment
Median binocular Snellen visual acuities were 20/20 or better (range 20/12.5 to 20/100) in both studies. Despite nearly equal median visual acuity scores for MS patients and disease-free control subjects in the MVP cohort (difference of 2 letters), progressively greater differences were observed for contrast letter acuity scores at decreasing contrast levels (Sloan charts at 5, 2.5, and 1.25%; p Ͻ 0.0001 for all levels; figure 2). These differences were noted even following detailed correction of refractive error in both the MS and the disease-free control groups.
Among five candidate visual function tests in the MVP cohort (table 1) , only contrast letter acuity (Sloan charts at 1.25% level) and contrast sensitivity (Pelli-Robson chart) distinguished MS patients from disease-free control subjects to a degree that was significantly better than highcontrast visual acuity (p Ͻ 0.0001 vs visual acuity for Sloan charts; p ϭ 0.003 vs visual acuity for Pelli-Robson chart). 31 Accounting simultaneously for age, Sloan and Pelli-Robson charts again demonstrated the greatest capacity to distinguish MS patients from control subjects (figure 3). Odds ratios in favor of MS for worse scores were 2.41 (95% CI 1.77, 3.29; p Ͻ 0.001) for Sloan charts and 1.77 (95% CI 1.38, 2.26; p Ͻ 0.001) for Pelli-Robson. Among the youngest participants (age quartiles 18 to 32 and 33 to 43 years), only Sloan charts distinguished MS patients vs control subjects to a degree that was significant (p ϭ 0.001 for both quartiles, logistic regression analysis).
Rank correlations of Sloan chart scores with MSFC-3 and EDSS were significant and within an appropriately modest to moderate range (0.32 Յ |r s | Յ~0.55) for both the IMPACT Substudy and the MVP cohort (table 2), demonstrating that Sloan charts capture aspects of neurologic dysfunction not entirely captured by the MSFC-3 or EDSS. When Sloan chart scores were added to the MSFC-3, thus creating a four-item composite measure (MSFC-4), rank correlations were similar in magnitude to those observed between the MSFC composite Z scores (MSFC-3 and MSFC-4) and scores for the MSFC components (T25FW, 9HPT, PASAT3) (see table 2 ).
Correlations between MSFC-3 composite and component scores (see table 2) were somewhat higher than those obtained in previous investigations performed to design and evaluate the MSFC but were still within a modest to moderate range. 8, 9 Components of the MSFC-4 all demonstrated similar correlations with MSFC-4 composite scores, indicating that each component, including Sloan charts, contributes relatively equally to the overall MSFC-4. Correlations with EDSS were similar for MSFC-3 and MSFC-4, consistent with the strong contribution of ambulation status to the EDSS and the relative insensitivity of Snellen acuity (measure used in EDSS) to visual dysfunction in MS patients.
Discussion. Results of these investigations demonstrate that, among clinical visual function tests, contrast letter acuity (Sloan charts) and contrast sensitivity (Pelli-Robson charts) best distinguish MS patients from disease-free control subjects and thus have the greatest capacity to identify binocular visual dysfunction in MS populations. In analyses accounting for age, Sloan and Pelli-Robson charts were again best discriminators of MS patients vs diseasefree control subjects. Sloan charts also capture aspects of visual and neurologic function not entirely captured by high-contrast visual acuity, EDSS, or MSFC scores in both relapsing-remitting and sec- figure 1 ) that allows for assessment of low-contrast vision at multiple letter sizes; these properties could in part explain the slightly greater discriminatory potential demonstrated by Sloan charts in this study cohort (see table 1; figure 3 ). Among the youngest participants in the MVP cohort (lowest age quartiles, 18 to 32 and 33 to 43 years), only Sloan charts distinguished MS patients vs control subjects to a significant degree. As younger patients are most likely to be in the earliest stages of MS, sensitive clinical outcome measures will be required, particularly in active arm comparison studies, to identify subtle dysfunction and to demonstrate treatment effects in these populations. Sloan charts demonstrated a slight advantage among the youngest participants in this study cohort.
Sloan chart testing is a reliable, quantitative, and clinically practical measure of visual function that is feasible for administration by trained technicians in the clinical trial setting. 11, 20 Testing of high-contrast visual acuity and three contrast levels requires a testing time of approximately 10 minutes. Standardized protocols, including instructions to be read to patients and strict rules for stopping testing, are used to minimize potential rater bias. Although it was not possible for the examining technician to be masked to MS vs control group status for all MVP cohort participants, standardized protocols were used, and comparisons between visual function tests were of greater importance than were comparisons of scores between MS patients and disease-free control subjects. The examining technician was masked to the study hypotheses.
In these analyses, scores from the lowest contrast level (1.25%, single chart) were used to facilitate comparisons across the IMPACT Substudy and MVP cohorts. Future investigations may benefit from use of summary scores combining the 1.25% chart score with that from a higher contrast level to minimize potential floor effects (proportion of patients who re- The ROC curve area represents the probability that each test will correctly classify MVP cohort participants as MS patients vs diseasefree controls. Areas range from 0.5 (no ability to distinguish MS vs disease-free controls beyond chance [flipping a fair coin]) to 1.0 (perfect capacity to distinguish).
* Visual function test scores were converted to SDU in the abnormal direction from the control group mean to ensure uniformity of scaling between measures. † Sloan charts (contrast letter acuity) and Pelli-Robson (contrast sensitivity) distinguished MS patients from disease-free controls to a degree that was significantly better than ETDRS VA (significance level p Ͻ 0.01 used because multiple comparisons performed.
ETDRS ϭ Early Treatment Diabetic Retinopathy Study; VA ϭ visual acuity; MVP ϭ Multiple Sclerosis Vision Prospective; MS ϭ multiple sclerosis; ROC ϭ receiver operating characteristic; SDU ϭ standard deviation unit.
Figure 3. Logistic regression analyses demonstrating capacity for each visual function test to predict multiple sclerosis (MS) vs disease-free control status in Multiple Sclerosis Vision Prospective cohort, accounting simultaneously for age. Odds ratios in favor of participants with worse vision scores being MS patients (vs disease-free controls) were greatest for contrast letter acuity (Sloan charts) and contrast sensitivity (Pelli-Robson chart). These measures thus best distinguish MS patients from disease-free
control subjects, even after accounting for age differences between the two groups. VF ϭ visual field.
ceive score of 0). Reassuringly, combinations of the 1.25 ϩ 2.5% and 1.25 ϩ 5% chart scores in these studies yielded results similar to those obtained using the 1.25% chart score alone. Sloan charts are suitable for binocular testing, thus measuring visual function as is present for daily activities with both eyes open and potentially capturing aspects of both afferent and efferent visual dysfunction in MS. Binocular testing was used in these investigations for several reasons. First, the overall visual functioning of individuals in their environment relies upon the use of both eyes simultaneously. Important epidemiologic studies of visual function in the ophthalmologic literature have successfully used binocular testing to examine visual acuity, contrast letter acuity, and contrast sensitivity. 23, 24 In a recent population-based epidemiologic study of 1,831 participants (Los Angeles Latino Eye Study), the authors concluded that binocular visual acuity should be considered a primary measure for future assessment of visual function in clinical or research settings. 22 Second, current components of the MSFC capture aspects of overall neurologic function (i.e., ambulation status) rather than specific individual components of impairment (i.e., individual leg strength). The use of a binocular vision test is thus analogous to the inclusion of a timed ambulation test (T25FW), rather than tests of individual leg strength or coordination (analogous to monocular acuity), in the MSFC. Binocular measures also have the added advantage of minimizing patient fatigue. Whereas monocular measurements may provide information on the physiologic function of each eye and optic nerve separately, bilateral afferent visual pathway involvement as well as efferent visual pathway abnormalities that affect binocular visual function are common in MS patients. Therefore, monocular measurements may not have the same degree of relevance to patient functioning, a feature considered important in selection of MSFC components. 6, 8 As emphasized by Cutter et al., 8 clinical outcome measures may not capture every possible aspect of disease in MS (i.e., may not specifically assess unilateral optic nerve function) but will capture aspects of function that are important to patient care and assessment of treatment efficacy.
Finally, data from the IMPACT Substudy demonstrate that whereas binocular Sloan chart scores (1.25% level) correlated modestly and significantly with EDSS scores (r s ϭ Ϫ0.43, p ϭ 0.001), monocular scores for better eyes (r s ϭ Ϫ0.17, p ϭ 0.26) and worse eyes (r s ϭ Ϫ0.29, p ϭ 0.05) did not correlate significantly with overall neurologic function. Our data therefore demonstrate that binocular testing provides a better measure of MS-related dysfunction for the clinical trial setting.
In the IMPACT Substudy and the MVP cohort, P Ͻ 0.0001 for all correlations except those indicated by † (p ϭ 0.001).
.25% contrast level) and MSFC component scores with MSFC-3, MSFC-4, and EDSS scores in MS patients from (A) MVP cohort and (B) IMPACT Substudy
* Z scores for Sloan charts, MSFC-3, and MSFC-4 calculated using group means and standard deviations from single visit (baseline) as reference. † P ϭ 0.001. ‡ Z scores calculated using group means and standard deviations from baseline visit as reference.
Sloan charts ϭ low-contrast Sloan letter charts; T25FW ϭ timed 25-ft walk; 9HPT ϭ 9-hole peg test; PASAT3 ϭ Paced Auditory Serial Addition Test, 3-sec interval; MSFC-3 ϭ Multiple Sclerosis Functional Composite (three components); MSFC-4 ϭ MSFC-3 ϩ Sloan charts; EDSS ϭ Expanded Disability Status Scale; MS ϭ multiple sclerosis; MVP ϭ multiple sclerosis vision prospective.
correlations of Sloan chart scores with EDSS and MSFC scores (see table 2) were appropriately within a modest to moderate range; high correlations might indicate that Sloan chart testing does not provide additional information on neurologic function beyond current EDSS and MSFC components. Furthermore, correlations between MSFC-4 composite scores and scores for Sloan charts, T25FW, 9HPT, and PASAT3 were similar in magnitude, indicating that each component, including Sloan charts, contributed approximately the same degree to the overall MSFC-4 Z score. Correlations among MSFC-4 components were also modest, indicating that these components measure independent clinical dimensions of MS, including vision. These results are similar to those noted in previous investigations performed to design and evaluate the MSFC, 8, 9 although correlations were somewhat higher in the current studies between component scores and the MSFC-3/MSFC-4.
Interestingly, the MSFC-4 did not demonstrate higher correlations with EDSS than did the MSFC-3 in the MVP cohort. This is consistent with the fact that EDSS scores may be heavily weighted toward ambulation (correlation of Ϫ0.80 between T25FW and EDSS). Snellen acuity, the visual measure used in the EDSS, is also relatively insensitive for capturing visual dysfunction in MS patients. Our findings are consistent with those of previous studies demonstrating that Sloan chart scores, particularly at the lowest contrast levels, exhibit a high degree of variability within categories of ambulation status and EDSS score and thus reflect a unique aspect of neurologic status in MS: visual dysfunction. 11, 20 Data from these studies, both cross-sectional in design, strongly support a role for contrast letter acuity (Sloan chart) testing as an MSFC visual component. Large-scale longitudinal studies are underway to determine the capacity for Sloan chart testing and other visual function tests to demonstrate measurement properties recommended by the Task Force for MSFC components, including responsiveness to clinical change over time and the potential to demonstrate treatment effects. 6, 8 Analyses of existing data are also ongoing to examine the relation of visual function, as measured by Sloan charts and other binocular tests, to health-related quality of life, MRI lesion burden, and other important aspects of MS disease. The degree to which Sloan chart scores may reflect progressive axonal loss within the visual pathways of MS patients is also under investigation.
Contrast letter acuity (Sloan chart) testing is an effective method of visual assessment that, among clinical measures, has a significant capacity to identify visual dysfunction in MS patients. The increasing prevalence of multiple sclerosis (MS) noted in repeated epidemiologic studies was previously assumed to be secondary to migration, population age structure, improved case ascertainment on restudy, and increased survival. 1 Some have questioned these assumptions and suggested that the increasing prevalence was due in part to increased incidence. 2 Areas with repeated epidemiologic surveillance have had varied results; areas with relatively high initial incidence rates tend to remain stable, whereas those with low initial rates, such as in Southern Europe, tend to show increasing rates over time. Methods. All cases of MS diagnosed in Olmsted County, MN, from 1985 to 2000 were identified using the centralized diagnostic index at the Mayo Clinic and the Rochester Epidemiology Program Project, a shared database of all medical practitioners in the county. The rural makeup of all surrounding counties and regional physician referral patterns nearly ensures complete case ascertainment. Incident cases were required to have established residency at least 1 year prior to diagnosis of MS, effectively eliminating patients who had migrated for medical care. Two neurologists (W.T.M. and S.P.) reviewed each chart. Cases were categorized as clinically definite, laboratory-supported definite, clinically probable, and laboratory-supported probable per the criteria as defined by the 1983 "New diagnostic criteria for MS: guidelines for research protocols." 4 Patients with isolated optic neuritis were excluded. The diagnostic criteria and inclusion/ exclusion criteria were chosen because previous researchers studying the same population had used them, thus enabling direct comparison of our data to theirs.
Data regarding basic demographic characteristics, age at onset, age at diagnosis, and follow-up status were abstracted from the medical record of each patient. The patients were interviewed personally or contacted by telephone to confirm demographic and disease-related information. The date for the prevalence study was December 1, 2000. The population data were obtained from the US Census Bureau, US Census 2000, and indicate that the population is predominantly middle class and white. The majority of prevalence cases received their medical care at Mayo Clinic; the remaining received their care through the Olmsted Medical Group or the Olmsted Community Hospital.
Statistical methods. Incidence and prevalence rates for MS were calculated with the use of population denominators interpolated between census years. These calculations used an in-house SAS macro developed for this purpose. 5 We assumed that the incidence cases follow a Poisson distribution to estimate standard errors for these rates.
In order to examine trends over time, we age-and sex-adjusted to the 1950 US white population to compare incidence rates with previously published data. Age-and sex-adjusted rates for a par-
